For years, experts have questioned whether cigarette smoking worsens the prognosis among women diagnosed with breast cancer. to date, most longitudinal studies have indicated that breast cancer survivors who smoke have increased risk of all-cause mortality but women who quit after diagnosis do not (1) (2) (3) (4) (5) (6) (7) (8) . however, it may be that the risk for former smokers is dependent upon the lifetime exposure to smoking, which is not captured by a simple question on current or former smoking. therefore, the lack of association between former smoking and breast cancer prognosis could be an artifact of including former smokers with a wide range of lifetime exposure to cigarettes.
Cohort studies of breast cancer survivors have been limited by sample size (range = 166-5056) (2-7,9,10), breast cancer-specific death events (range = 111-628) (2) (3) (4) (5) (6) (7) 9, 10) , and follow-up times that average less than a decade. In contrast, Doll et al. studied more than 34 000 British doctors with nearly 5300 cancer deaths over several decades to expose the link between smoking and lung cancer (11) .
In addition to adequate study power, data on duration and intensity of smoking were needed to explain the lung cancer risk in major cohort studies (12, 13) . For example, the 50-year follow-up study of British doctors indicated that adults who smoke the equivalent of a pack a day appear to escape most health consequences if they quit smoking by age 35 (11) . In 2010, more than 20% of uS smokers quit successfully before age 30 (14) ; therefore a large proportion of former smokers are likely to be in this low-risk category. these data suggest that previous studies of smoking and breast cancer prognosis may have suffered from misclassification of the exposure or been underpowered to test this association.
the objective of this study is to investigate the association of lifetime smoking behavior with breast cancer outcomes. We used data from the 3 uS cohorts in the After Breast Cancer Pooling Project (ABCPP), which provides data on duration and intensity of smoking among almost 10 000 breast cancer survivors who experienced more than 1700 breast cancer events. this much larger population and number of events compared with previously published studies provide us with the power to detect even moderate effect sizes (eg, 20%) among subgroups. to our knowledge, this is the largest examination of lifetime smoking and breast cancer outcomes conducted. results of this analysis can inform clinicians about the impact of smoking cessation on breast cancer prognosis.
Methods
Study Subjects the details of the ABCPP have been described previously (15) . For this analysis, the three uS cohorts included in the ABCPP were the Women's healthy eating and Living (WheL) Study, the Life After Cancer epidemiology (LACe) Study, and the Nurses' health Study (NhS). the fourth cohort (Shanghai) in this pooling project was excluded because they reported very low ever smoking rates. Dates of first breast cancer diagnosis ranged from 1976 to 2006 in the ABCPP. We excluded women who were diagnosed before 1991 (n = 3271) because this was before endocrine therapy became standard of care, those who had stage IV tumors at diagnosis (n = 120), or those who were missing data for all smoking variables (n = 81), leaving an analytical sample size of 9975. Data from the three cohorts were harmonized (15) . Institutional review board approval was obtained for each cohort study, and all participants provided written informed consent.
Smoking status (current, past, or never), cigarettes per day, and years of smoking were asked on questionnaires an average of 2 years after breast cancer diagnosis. Lifetime pack years were computed. the timing of quitting compared with diagnosis for former smokers was not available for the LACe study and so could not be used in statistical models. Breast cancer events (recurrences or new primary breast cancers) were confirmed by medical records after being reported either on follow-up telephone calls (WheL) or on mailed questionnaire responses (LACe, NhS). the NhS collected data on cancer recurrences but not on new breast primaries. mortality was assessed by periodic reviews of the Social Security Death Index and the National Death Index for NhS and WheL and additionally by Kaiser Permanente North California electronic data sources for LACe. Cause of death was extracted from National Death Index records, death certificates, or electronic medical records (Kaiser Permanente in LACe).
Statistical Analysis
Because the majority of deaths were due to breast cancer and insufficient other events were available for a competing risks analysis, we undertook a sensitivity analysis using a Lunn-mcNeil model (16) to account for the different causes of death. Because entry time varied across studies (1 year after diagnosis for NhS; 2 years after diagnosis for WheL and LACe), we used delayed entry Cox proportional hazards models (17) to estimate survival after diagnosis, with entry time being the time of the first postdiagnosis questionnaire. the proportionality assumption was tested by inclusion of product term of covariables and the log of time. We controlled for cancer stage and grade, age at diagnosis, race/ethnicity, education, and body mass index. relationships were examined between smoking status, cigarettes per day, years of smoking, and pack-years with all-cause and breast cancer mortality and breast cancer recurrence by individual cohort and in aggregate models stratified by cohort. Following previous research (1), we used 20 pack-years as a primary cut point for classifying ever smokers with heavy exposure. Additionally, for some analyses, we split these heavily exposed ever smokers into two approximately equal groups using 35 pack-years as the cut point. trends for outcome across smoking categories were assessed with Wald χ 2 tests within each multivariable Cox model. there were no statistically significant differences between white and nonwhite subjects.
to further delineate risks associated with heavy former smoking (≥20 pack-years) vs current smokers, an adjusted Cox model was run subsetting these two risk groups. Nonproportionality of the Cox model fit was examined by including product terms for smoking and a binary time indicator (≥10 vs <10 years since breast cancer diagnosis). using risk estimates for recurrence, breast cancer mortality, or all-cause mortality, random effects meta-analysis tested for heterogeneity between cohorts (Q statistic). Pooled hazard ratios stratified by study are presented whenever no heterogeneity by study was observed. Kaplan-meier graphs are presented for four categories of smoking history for each of the two mortality endpoints and for breast cancer recurrence. Analyses were conducted in SAS version 9.3 (SAS Institute, Cary, NC). All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant. overall, only 7% of breast cancer survivors were current smokers, as determined by questionnaire on average 2 years after diagnosis, ranging from 4.5% to 8.6% across the three cohorts (table 2) . Almost half (45%) were former smokers (range = 39.4%-48.8%), and 48% were never smokers (range = 42.4%-53.8%). Among current smokers, women in the NhS were more likely to be heavier smokers (>15 cigarettes per day) (54% vs 32%-37% in WheL and LACe; P < .0001). In addition, 95% of NhS current smokers had smoked for more than 30 years compared with 68% for LACe and only 40% for WheL (P < .0001). Among former smokers, 19% had been light smokers (<5 cigarettes/day). Former smokers were divided approximately equally across decades of duration of smoking. For the two cohorts with data on timing of quitting, 87% of the former smokers had quit smoking at least 3 years before their cancer diagnosis. tests for heterogeneity (Q statistic) across the three cohorts were non-statistically significant. therefore we present pooled hazard ratios (hrs) for each model. table 3 shows the results of the adjusted Cox models for associations of smoking with breast cancer recurrence, breast cancer mortality, and all-cause mortality. Compared with never smokers, former smokers with low lifetime smoking exposure (<20 pack-years) had no increased risk of any outcome. In former smokers with heavier exposures, there was a dose-response relationship between increasing lifetime smoking exposure and the risk for all-cause mortality (P trend < .0001) and breast cancer mortality (P trend < .0001). Specifically, compared with never smokers, former smokers with 20 to 34.9 pack-years of exposure had a 22% increased risk of breast cancer recurrence (hr = 1.22; 95% confidence interval [CI] = 1.01 to 1.48) and a 26% increased risk of all-cause mortality (hr = 1.26; 95% CI = 1.07 to 1.48). For former smokers with 35 or more pack-years of exposure, the probability of breast cancer recurrence increased by 37% (hr = 1.37; 95% CI = 1.13 to 1.66), breast cancer mortality increased by 54% (hr = 1.54; 95% CI = 1.24 to 1.91), and all-cause mortality increased by 68% (hr = 1.68; 95% CI = 1.44 to 1.96). Current smokers in this study had a mean exposure of 39 pack years. Compared with nonsmokers, the probability of a breast cancer recurrence in smokers was 41% higher (hr = 1.41; 95% CI = 1.16 to 1.71), breast cancer mortality was 60% higher (hr = 1.61; 95% CI = 1.28 to 2.03), and there was double the risk of all-cause mortality (hr = 2.17; 95% CI = 1.85 to 2.54). there appeared to be little difference in risk for any outcome between current smokers and former smokers with 35 or more pack-years of exposure.
Sensitivity analyses for outcomes in table 3 were conducted, including diagnosis menopause status and treatment (eg, adjuvant hormonal therapy) as predictors in each model, and hazard ratios for former smokers were slightly stronger, but within 5% of those presented in table 3. the Lunn-mcNeil model hazard ratios for breast cancer mortality in former smokers, accounting for cardiovascular or other cancer deaths, differed by less than 10% from those in table 3 (data not shown). the hazard ratio in the LunnmcNeil model for current smokers was 2.06 (95% CI = 1.73 to 2.46), indicating double the risk of never smokers.
For Kaplan-meier survival curves of all-cause mortality ( Figure 1A) , breast cancer mortality ( Figure 1B) , and breast cancer recurrence ( Figure 1C) , we categorized lifetime exposure among former smokers as less than or greater than 20 pack-years. As expected, there was no apparent difference between never smokers and former smokers without a heavy lifetime exposure (<20 pack-years) in the survival curves for any of the three study outcomes. Compared with never smokers, both current smoking and former smokers with a heavy lifetime exposure (>20 pack years) were at statistically significantly increased risk for all three study outcomes.
For all-cause mortality, the hazards for current smokers and former smokers with heavy exposure appeared to change over time. therefore we tested an interaction with time at 10 years (χ 2 = 4.06; P = .04). this interaction indicated that before the 10 year time point, current smokers had a 33% increased risk (hr = 1.33; 95% CI = 1.09 Table 3 . Adjusted Cox models* examining the associations of smoking with breast cancer recurrence and mortality in a pooled cohort of US breast cancer survivors (n = 9755)
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Downloaded from https://academic.oup.com/jnci/article-abstract/106/1/djt359/2518071 by guest on 23 February 2019 to 1.63) in comparison with former smokers. however, current smokers had a much greater risk after 10 years, after which they had a twofold greater risk than these former smokers (hr = 1.99; 95% CI = 1.42 to 2.80).
Discussion
to our knowledge, this is the first study to report a statistically significant, dose-dependent association of lifetime cigarette smoking with breast cancer recurrence. Study data indicate that cigarette smoking is associated with a poor prognosis among women diagnosed with breast cancer, statistically significantly increased risks of recurrence, and breast cancer and all-cause mortality. however, this risk is confined to heavy smokers, defined as former smokers with more than 20 pack-years of exposure and current smokers (who, in this study, had a mean of 39 pack-years of exposure). this analysis shows the risk associated with current smoking is higher, most likely because current smoking is a surrogate for high lifetime exposure to cigarettes. It is also notable that in this large pooled cohort approximately 60% of former smokers reported lifetime cigarette exposures of less than 20 pack-years. therefore it is key to determine the extent of past smoking in breast cancer cohorts so that analyses can differentiate those with heavy lifetime exposures. Analyses that group all former-smokers into one category will dilute the ability to detect the true effect. this misclassification of exposure could potentially contribute to the conclusion from prior cohort studies that former smokers are not at greater risk than never smokers with regard to breast cancer outcomes (2) (3) (4) (5) (6) (7) 9) .
Although numerous studies have noted that continued smoking after diagnosis increases the risk of all-cause mortality (2) (3) (4) (5) (6) (7) (8) (9) (10) 18) , only a few have identified an increased risk for breast cancer mortality (2, 19) . the inclusion of the LACe and NhS cohorts in this analysis confirms the recent WheL report that lifetime exposure to cigarette smoking confers a dose-dependent increasing risk of mortality among breast cancer survivors (1) . Importantly, this pooled cohort also had sufficient cases of breast cancer recurrence to examine this outcome in a rigorous manner. Finally, this large cohort allowed us to investigate a relatively uncommon exposure: extremely heavy smoking history (eg, ≥35 pack years) which occurred in only 12% of the population. taken together, these data demonstrated a statistically significant dose-response relationship between lifetime smoking and all breast cancer outcomes, providing convincing evidence of causal relationships.
New in our study is that the survival curves for former smokers with statistically significant lifetime exposure were quite similar to current smokers for the first few years after diagnosis. this similarity may reflect the "smokers' paradox" that has been reported for myocardial infarctions. Specifically, smokers with more severe disease may be more successful at quitting at the time of diagnosis (20) . this so-called paradox could create a disease differential between current and former smokers that would minimize the difference in survival curves for the first few years after diagnosis. If this were the case, we would expect the survival curves to separate after a lag period, which was observed in this study.
the mechanisms by which smoking causes premature death are well documented and include major impacts on cardiovascular and respiratory health. these global health effects likely explain some of the impacts of smoking on mortality seen in most studies of breast cancer survivors. however, the finding of an association of smoking with breast cancer recurrence suggests cancer-specific mechanisms of risk. A Canadian expert Panel on Smoking and Breast Cancer (21) concluded that there are persuasive biological reasons to suspect that exposure to the carcinogens in tobacco smoke may lead to breast cancer. For example, tobacco smoke contains more than a dozen fat-soluble compounds that are known to induce mammary tumors in rodents, and these carcinogens can be activated into electrophilic intermediates by enzymes active in the human breast epithelial cell. the findings regarding lifetime risk of smoking are also biologically plausible because there is considerable evidence that tobacco carcinogens accumulate with exposure over time (22) . In the Women's health Initiative, the increased risk for incident invasive breast cancer persisted up to 20 years after smoking cessation (23) . this persistence in risk may occur as a result of the complex disequilibrium of the genes controlling activation, detoxification, DNA repair, and cell cycle control (22) . this study is limited by the use of pack-years as the measure of lifetime cigarette exposure because there are problems with recall of intensity and duration of smoking. however, measurement of only current smoking status will miss important cancer relationships that could bias conclusions. Additionally, there has been a major consistent decline in the intensity of smoking over the past 40 years in the united States (24) that may not be captured in selfreported measures of average use.
A strength of this study is the large sample size (almost 10 000 breast cancer survivors) and number of breast cancer-specific events (>1700) made possible by pooling the three cohort studies. By harmonizing the data across studies, we were able to use standardized exposure definitions and control for potential confounders in a unified analytic approach. Although there were differences in the sociodemographic variables and cancer characteristics across these studies, we were unable to find evidence of heterogeneity in the outcome results. there were differences in lifetime smoking patterns across studies that may relate to recruitment (one was a cohort recruited before diagnosis; another was a randomized trial of a health behavior intervention).
In summary, this pooling project of breast cancer survivors was large enough to identify the statistically significant and dose-dependent risks of poor prognosis associated with a lifetime history of cigarette smoking. From a research perspective, these results emphasize the importance of assessing lifetime cigarette exposure for both past and current smokers in studies of breast cancer. Clearly, including smoking as a key variable in clinical trials of breast cancer outcomes is very important (10, 25) . From a clinical perspective, these data suggest that there is an important opportunity to motivate women to quit smoking before they accumulate 20 pack-years of exposure, around which time our data suggest they will have acquired sustained changes to their risk of morbidity and mortality from breast cancer and other diseases. Finally, combined with recent robust analyses and reviews supporting an association of smoking with incident breast cancer (23, 26) , we believe that the data are sufficiently mature to issue guidelines indicating that cigarette smoking is a major risk factor for breast cancer outcomes and that smoking cessation counseling should be a standard part of breast cancer survivor care. 
